We describe here a practical autoradiographic method to estimate the rate of serotonin synthesis in brain. A two-time point method (60 and 150 min after injection of a-[14C]methyl-L-tryptophan) was first evalu ated in 14 normal rats (7 at each time point). After this the method was tested in lithium-treated rats. In normal rats the rate of serotonin synthesis measured by the two-time point method generally correlated with known concentra tions of tryptophan hydroxylase. The rate of synthesis in lithium-treated rats was compared with that in sham treated rats (NaCl treatment). The results showed a sigSerotonin is a monoaminergic transmitter widely distributed in the CNS. Its role there has been de scribed in relation to mood, sleep, and control of pain and body temperature. Serotonin has also been implicated in mental diseases such as mania and depression and has been considered by some inves tigators to play a role in migraine. The serotonergic system has been extensively studied neuroanatom ically in animals by means of immunohistochemical and autoradiographic methods, in conjunction with light and electron microscopy (e.g., Aghajanian and Bloom, 1967; Conrad et aI., 1974; Bobillier et aI., 1975; Azmitia and Segal, 1978; Halasz et aI., 1978; Descarries et aI., 1982). However, until now there Received March 10, 1989; revised June 19, 1989; accepted June 23, 1989.
nificant increase in the synthesis rate in some cerebral structures. The greatest increases in the serotonin syn thesis rate, attributable to the lithium treatment, were observed in the parietal cortex (52%) and caudate nucleus (47%). This is the first investigation to demonstrate, with autoradiographic resolution (�100 f.Lm), the differential changes in the rate of serotonin synthesis in the brain. Lithium had no significant effect on the rate of synthesis in the pineal gland. Key Words: Autoradiography Lithium treatment-a-Methylserotonin-a-Methyl-L tryptophan-Serotonin synthesis rate.
has not been a method for measuring in vivo the rate of serotonin synthesis that is experimentally convenient and provides good anatomical resolu tion. The use of radioactively labeled tryptophan has not proved very successful in the measurement of the rate of serotonin synthesis because of the quite extensive incorporation of the amino acid into proteins and the very rapid loss of its metabolites from the brain.
The method described here and in the companion article (Diksic et aI., 1989) permits for the first time the in vivo measurement of the rate of serotonin synthesis in living brain, with high anatomical res olution and without any pharmacological treatment. As mentioned in the previous article, the method cannot be used as a one-point autoradiographic method like the 2-deoxyglucose technique of Sokoloff et al. (1977) because the precursor pool is too large (Diksic et aI., 1989) for a reasonable ex perimental time period. (Even at 150 min it is too large.) To overcome this we have devised an alter native experimental protocol whereby animals are killed at two different times after injection of the tracer a-rt4C]methyl-L-tryptophan (a-e4C]MTrp).
This protocol allows us to estimate the rate of uni directional trapping of tracer (Gjedde, 1982; Patlak et aI., 1983) . In this article we report the details of the two-point method and the rate of serotonin syn thesis in several brain structures. The method per mits measurement of the synthesis rate during the steady state and does not require any pharmacolog ical pretreatment of animals.
It has been shown that the lithium ion has thera peutic effects, especially in affective disorders (Ger shon and Goodnick, 1981) . Several researchers have documented the effect of this ion on the rate of serotonin synthesis (Sheard and Aghajanian, 1970; Perez-Cruet et aI., 1971; Knapp and Mandell, 1973; Mandell and Knapp, 1979) . Generally, an increase in the synthesis of serotonin has been reported (Sheard and Aghajanian, 1970; Perez-Cruet et aI., 1971; Knapp and Mandell, 1973; Mandell and Knapp, 1979) . On this basis we decided to use our method to measure the rate of serotonin synthesis in lithium-treated rats. Our objective was to test our newly developed method in a system where there is known to be an increase in the rate of serotonin synthesis. We also wished to determine whether lithium has a differential influence on serotonin syn thesis in brain structures. Data are presented that demonstrate the efficacy of the method and its use fulness for the study of the synthesis of brain sero tonin under various conditions.
METHOD
Tracer a-p4ClMTrp, labeled on the a-methyl carbon (specific activity 55.5 mCi/mmol), was obtained from E.!. du Pont de Nemours and Co. (Boston, MA, U.S.A.).
Animals and experimental procedure
Female Wistar rats weighing 190-220 g were used in the experiments described here. All animals underwent the surgical preparation described in a-p4ClMTrp, -50 fLCi in 1 ml of normal saline, was injected intravenously over 2 min at a constant rate using an infusion pump (model 355; Sage Instruments). To ob tain a time-radioactivity curve for plasma, 12-14 arterial blood samples were collected at increasing time intervals up to the killing time. The blood samples were rapidly centrifuged and the plasma was treated as described pre viously (Diksic et aI., 1989) . 14C radioactivity in the de proteinized plasma samples was measured with a scintil lation counter (12 12 Dackbeta Liquid Scintillation Counter; Wallac by Turke, Finland). At the beginning and end of each experiment, further 30-fLl vols of plasma were pipetted into microcentrifuge tubes containing 20 fLl of 20% trichloroacetic acid. After centrifugation, 30 fLl of supernatant was used for the plasma tryptophan determi nation. Supernatants were stored at -70°C until HPLC analysis was done.
Two-time point experiment. In the first set of experi ments, 14 animals were decapitated at two different J Cereb Blood Flow Metab, Vol. 10, No. 1, 1990 times, 60 and 150 min (7 at each time) after the beginning of tracer injection. All animals were killed by guillotine between 1300 and 1500 h to avoid the effect of circadian rhythm.
Lithium treatment experiment. The second set of ex periments was devised to evaluate the effect of lithium treatment on the serotonin synthesis rate, on the basis of earlier reports (Perez-Cruet et aI., 197 1; Knapp and Man dell, 1973) . The rats were divided into two groups, one being control (injected with saline) and the other treated with lithium chloride. The solution of lithium chloride was made in water and a constant volume of 5 mllkg (Perez-Cruet et aI., 197 1) was injected intraperitoneally into both groups of rats. The experimental rats received 85 mg/kg of LiC!. Sham-and lithium-treated animals were injected for a period of 5 days, twice a day, and killed on the sixth day after the beginning of treatment. During the night before the rats were used in the experiment, they were deprived of food but given water ad libitum. They were then given a-[14ClMTrp -19 h after the last injec tion of saline or lithium chloride solution. All rats were killed in pairs, one at 60 and the other at 150 min after injection of the tracer, to randomize animals as much as possible and possibly reduce the influence of animal to-animal variability on the final measurement of the slope of the unidirectional uptake, a figure used in the estimation of the rate of serotonin synthesis. Plasma sam ples were taken at progressively increasing time intervals (see Methods in the companion article). In addition to the plasma samples taken for radioactivity determination in the lithium experiments, 20 fLl of plasma was taken for the determination of the plasma lithium concentration.
Removal and handling of the brain were the same for all rats and identical to the procedure described in . The brains were cut in a cryostat into 30-fLm slices and exposed to x-ray film along with standards to obtain autoradiograms. The autoradiograms had a reso lution of -100 fLm. The method of determination of total and free tryptophan in plasma is also presented in the companion article.
Data analysis
Tissue slices were digitized using a microcomputer based image analysis system (Image Calculator; Soquelec Ltd., Montreal) consisting of a video camera, a frame grabber, an IBM AT compatible computer, and appropri ate software. Optical densities were converted into tissue tracer concentration (nanocuries per gram) based upon an appropriate standard calibration curve made up with 14C_ standards. In some experiments, a slice thickness of 30 fLm was used rather than 20 fLm. A cross-calibration fac tor between 30-and 20-fLm slice thickness was measured in our previous work (tracer concentration in 30-fLm slices was divided by 1.24 to obtain 20-fLm tissue equiv alent concentration) (Kirikae et aI., 1988 (Kirikae et aI., , 1989 .
In the first set of experiments, which served to confirm the two-time point method, the tracer concentration was measured in 20 different brain structures and the pineal body in 14 rats killed at two different times. All tissue radioactivity concentrations were expressed in nanocu ries per gram of brain (tissue) and converted into the vol ume of distribution by division with the plasma tracer concentration at the end of the experiment. It was estab lished from our preliminary measurements (see Diksic et aI., 1989 ) that an apparent steady state was reached at -60 min (8 = 100 min) after injection. With this as sump- (Gjedde, 1982; Patlak et al., 1983) . The tissue radioactivity can be expressed as a function of time as
where ct(1) is tissue tracer concentration at time T, K* is a constant of a unidirectional trapping of tracer, C;(t) is plasma tracer concentration as a function of time t, and Va pp is an apparent distribution volume of the tracer. Af ter dividing Eq. 1 by C;(1), Eq. 2 is obtained where the volume of distribution (Gjedde, 1982; Patlak et al., 1983 ) is a linear function of the exposure time 8(1):
Since it is assumed that the tracer has reached an appar ent steady state by this point, this linear relation can be very convenient for the measurement of the rate of uni directional trapping.
By doing experiments at two time points, we obtain a set of experimental volumes of distribution measured at 60 and 150 min after tracer injection. Assuming an appar ent steady state, one can estimate K* and Va pp by the method of least squares. However, the calculation can be done this way only if it can be assumed that Va pp is the same in all animals. In our experiments, strictly speaking, the plasma tryptophan concentration was not the same in all rats, but the fraction not bound to protein was the same. In an attempt to normalize the data from different animals, Eq. 3 was used as an alternative to Eq. 2 in the slope determination (the effect of using Eq. 3 or 2 on the synthesis rate is discussed later):
The rate of serotonin synthesis in different structures was estimated from
using K C p (representing the product of K* and C P ' the plasma free tryptophan concentration) obtained from Eq. 3. In using this equation it was assumed that the brain tryptophan concentration is the same in all animals used. This assumption is supported by a large volume of data on the brain tryptophan concentration (e.g., Gessa and Tagliamonte, 1974) . The rates of serotonin synthesis (Eq. 4) given in this article are those calculated by using K C p estimated from Eq. 3. The lumped constant of 0.46 was used . Errors given in Tables 3 and 4 were estimated from the standard error of the least-squares fit of exper imental data to Eq. 3. (When rates were estimated by using the K* from Eq. 2 and an average free plasma tryp tophan concentration, slightly but not significantly differ ent results were obtained.) The probability levels for the null hypothesis estimated by the F statistics, viz., that the relationship in Eq. 3 between DV(1) . C p and 8(1) is not linear, were < 10 -3. (Similar probabilities were obtained for the fits of Eq. 2.) The 8(1) values were calculated by numerical integration of experimental plasma time radioactivity curves using Stineman spline (1980).
RESULTS
The average values for physiological parameters of rats used in the experiments described in this article are given in Table 1 . It can be seen that there is no significant difference from untreated rats ("normals") in any of the basic physiological values for control NaCl-treated or lithium-treated animals, despite the fact that these rats were injected twice a day for 5 days before being used in these experi ments. This handling might have some effect on the rate of serotonin synthesis (see Discussion). There was no significant difference in the total or free tryptophan concentration (free fraction was 20%) between sham-and lithium-treated rats. The un treated rats had the same level of free tryptophan in the plasma (free fraction 20%).
The lithium concentrations measured in the plasma taken before killing the animal and at � 18 h after the last lithium treatment are given separately for rats killed at 60 and 150 min. From the standard deviation and range (Table 2) , one notices some variability in the plasma lithium concentration. There is no significant difference in the concentra tion of lithium in the plasma of rats killed at 60 and 150 min. Since all rats had a lithium concentration well above therapeutic levels (>0.7 f.Lmol/ml; Stew art et aI., 1988) (Table 2) , the most appropriate com parison for the plasma lithium concentration is be tween rats killed on the same day (at 60 and 150 min) and belonging to an assigned pair at the begin ning of the experiment. When this comparison is made, a much smaller difference in the plasma lith ium concentration between rats killed at the two times is observed. A set of autoradiograms obtained in the brain of rats killed 60 and 150 min after tracer injection is presented in Fig. 1 . The tracer is accu- Concentrations are given averages ± SD (range). Nine rats were used at each time point. mulated in brain structures known to be rich in se rotonergic cell bodies (Descarries et aI., 1982) , i.e., dorsal and medial raphe nuclei, as well as in the pineal body. A layer in the caudate nucleus (medial part) and a deep layer in the parietal cortex are also more densely labeled than the other structures.
Representative autoradiograms obtained with lithium-treated rats are shown in Fig. 2 . All tracer concentrations are in absolute units, so that a direct comparison of the density can be made. One can see that generally there is more radioactivity present in all structures at 1 than at 2.5 h. However, the tracer concentrations as shown on the figures do not transform directly into volumes of distribution because small differences in the plasma curves (in put functions) and plasma tracer concentrations preclude direct quantitative comparison. Compar ing sham-and lithium-treated rats, one cannot ob serve any obvious difference in the tracer concentration. The main reason for this is the small frac tion of total radioactivity present as a metabolite at these times [see Discussion in Diksic et al. (1989) and in this article]. A representative plasma curve and a curve obtained by a least-squares fit are shown in Fig. 3 . Experimental points were fitted to a function y(t ) = '2t=1 t j · A1-A (tj (j = 1 to n), where n represents the number of data points and Ai and A.i are constants. (These pairs of constants are variables in the least-squares fit.) Radioactivity accumulates in the structures known to have a high concentration of serotonergic cell bodies (e.g., dorsal and medial raphe nuclei). These data, obtained with high anatomical resolu tion, indicate for the first time that in some struc tures there may be specific areas that have a higher rate of serotonin synthesis than other parts of the same structure [e.g., medial part of the caudate nu cleus and a deep layer (layer VI) in the parietal cortex]. In Fig. 4 a set of representative two-time point experiments for normal rats are shown in the form of distribution volume as a function of expo sure time 8(n. For all bilateral structures, an av erage value was used to calculate the slope. In lith ium-treated rats the data were first statistically compared for side-to-side differences. Since no sta tistically significant difference was found between FIG. 1. A set of representative autoradiograms obtained for brain slices from rats killed at 1 (A-C)/(D-F) and 2.5 h after the beginning of the tracer injection (50 fLCi of a-[ 1 4C]methyl-L-tryptophan). The sections are at the level of dorsal raphe nucleus (A,D), posterior hypothalamus (B,E), and middle to anterior hypothalamus or anterior hippocampus (C,F). Some of the structures clearly visualized are (1) occipital cortex, (2) superior coliiculus, (3) dorsal raphe nucleus, (4) medial raphe nucleus, (5) hippoc ampus (ventral), (7) hypothalamus, (8) medial forebrain bundle, (9) thalamus, (10) hippocampus (dorsal), (11) mamillary body, (12) parietal cortex, (13) parietal cortex; layer VI, (14) the left and right hemisphere, the two values were averaged. We first present data to confirm the adequacy of our two-time point method for the measurement of the rate of serotonin synthesis. The rates of seroto nin synthesis estimated in 13 selected brain struc tures are given in Table 3 . To demonstrate that this tracer is retained for a very long time in the dorsal raphe nucleus, we show the plot of volume of dis tribution for this structure up to exposure times of � 14 h (clock time 6 h; Fig. 5 ). Data were fitted by the least-squares method to the straight line, ac cording to Eq. 2. The slope of the line K* is 0.4 ml/g/h (or K* = 0.0067 ml/g/min), with a correlation coefficient of 0.99. This slope is identical to that obtained in the two-time point experiment (where rats were killed at 60 and 150 min after injection), supporting (a) the essential assumption of our model that the metabolite is not lost from the brain tissue as well as (b) the selection of the times used in the two-time point experiments. An approximate rate of serotonin synthesis can be calculated by multiplying this K* by the average plasma tryp tophan concentration (Table 1) , using 20% as the tryptophan free in plasma and LC = 0.46. Table 4 presents the rates of serotonin synthesis measured in nine selected brain structures and the pineal gland in sham-and lithium-treated rats. There are statistically significant differences in the synthesis rate in some structures, the rate-enhancing effect of lithium being most notable in the parietal cortex, hippocampus, medial and dorsal raphe nuclei, and caudate nucleus. There was no change in the rate of serotonin synthesis in the thalamus and the pineal gland.
DISCUSSION
Data presented here show the feasibility of mea suring the rate of serotonin synthesis in discrete brain structures defined with auto radiographic res olution of � 100 [.Lm (Fig. 1) . They confirmed the accumulation (Fig. 1) and persistence (Fig. 5) Rates are given as estimates ± SD. [Uncertainty was calcu lated from the SD of the slope (Kep) in Eq. 3 estimated from the least-squares fit (Bevington, 1969) .] a Average of dorsal, magnus, pontine, and medial raphe nuclei.
J Cereb Blood Flow Metab, Vol. 10, No. 1, 1990 Sourkes, 1965; Sourkes, 1971; Roberge et al., 1972; Missala and Sourkes, 1988) for intraperitoneal in jection of pharmacological amounts of a-MTrp and was confirmed by us at tracer levels . In the two-time point experiments, 50 f,LCi of a-e4C]MTrp (specific activity 55 mCi/mmol) was injected as a constant infusion over a 2-min period. Rates are given as estimates ± SO. [Uncertainty was calcu lated from the SO of the slope (KCp) in Eq. 3 estimated from the least-squares fit (Bevington, 1969) .] a Significant effect of lithium (p < 0.05) by the two-tailed t test.
A few words on the possibility of violating a true tracer condition for a short time period are justified. The maximal concentration of tracer in arterial plasma was � 1 ,000 nCi/ml (Fig. 2) , reached at �4 s after the end of infusion. The concentration of 1,000 nCi/ml corresponds to �18.2 nmollml of u-MTrp. Since the plasma tryptophan concentration is be tween 50 and 90 nmol/ml, this represents a substan tial proportion of the total (but usually <35%). The plasma concentration of tracer falls quickly, so that at �2 and 10 min after the end of injection, it con tributes < 18 and 12%, respectively, to the total plasma tryptophan (Fig. 2) . Moreover, because of the binding of tryptophan by plasma protein, not all of the tracer would be available for transport. Hence, we assume that this brief increase in the concentration (tryptophan plus u-MTrp) is less im portant than it might seem because it is the ratio of the free plasma tryptophan to the sum of the con centrations of the large neutral amino acids sharing the same transporter that is the most important fac tor determining brain tryptophan concentration (e.g., companion article). It should also be men tioned that the sum of the concentrations of the plasma (tryptophan and u-MTrp) is still far below an apparent Km [Km(app) = 0.71 mM] for the blood-brain barrier tryptophan transport (Par dridge, 1977) . Additional evidence that this brief increase in the sum of the u-MTrp and tryptophan plasma concen trations does not adversely affect our results is the general agreement of the present rates with those for animals injected with one-fifth of this dose, i.e., 10 /-LCi, as described in Diksic et aI., 1989 . There is a similar general agreement between the serotonin synthesis rates measured by this method and the rate of hydroxylation of tryptophan (the rate limiting step in serotonin formation) in different brain structures as determined by Renson (1973) and Tappaz and Pujo (1980) . An independent confirmation that the slope of the line relates to the rate of synthesis was sought in the measurements made in lithium-treated rats, the treatment previously shown by biochemical meth ods to increase the rate of serotonin formation (Sheard and Aghajanian, 1970; Perez-Cruet et aI., 1971; Knapp and Mandell, 1973; Mandell and Knapp, 1979) . The usefulness of lithium in the treat ment of the depressive and manic phases in patients with bipolar affective disorder and its ability to in crease brain serotonin levels have been well docu mented (Gershon and Goodnick, 1981; Goodnick and Gershon, 1985) . The treatment we selected was that shown by Perez-Cruet et al. (1971) to increase the rate of serotonin synthesis in rat brain. Since control (sham-treated) animals were treated in the same way (except for injection of NaCI instead of LiCI) and at the same time, we believe that if there is any effect of acute and/or chronic treatment (Cur zan et aI., 1972; Culman et aI., 1984; Adell et aI., 1988) on the serotonin synthesis rate, it would be the same in both groups, and any effect of lithium would be independent of this. Our lithium-treated rats had concentrations of lithium in the plasma of � 2 /-LEq/ml (Table 2) , which is well above the min imal level of therapeutic efficacy in humans (Stew art et aI., 1988) . In our experiments we have found an increased rate of serotonin synthesis in some brain structures of lithium-treated rats, but, con trary to the findings of Perez-Cruet et al. (1971) and Goodnick and Gershon (1985) , we did not observe any change in the plasma concentration of free or total tryptophan (Table 1) . Gessa and Tagliamonte (1974) have reported an increase of 71% in the plasma free tryptophan concentration in rats sub jected to mild acute stress, which probably cannot be directly related to the animal handling in our experiments. In contrast to these findings on plasma tryptophan, the significant increase in the serotonin synthesis rate in several brain structures, notably the parietal cortex and the caudate nucleus (Table 4) , can be confidently attributed to the treat ment of the animals with lithium. In this respect, Perez-Cruet et al. (1971) found an increase of 82% in the rate of serotonin synthesis in whole rat brain as a result of lithium administration. It is clear from Table 4 that our data, if integrated over the entire brain, would not yield a difference of that magni tude. Mandell and Knapp (1979) noted an asymmetry (left-right difference) in the steady-state content of serotonin in the hippocampus, striate bodies, and median and dorsal raphe nuclei in both LiCI-and NaCI-treated rats. Our measurements of the rate of serotonin synthesis did not reveal any such asym metries.
Our regional measurements clearly show, for the first time, that lithium treatment has a differential effect on the rate of serotonin synthesis in various brain structures. This observation may be pertinent to evaluation of the clinical effects of lithium. As for comparison of these data with information obtained by tissue-sampling techniques (see companion arti cle), such comparison would be possible only if an integration of the rates measured here were for ex actly the same volume of tissue as that used in tis sue dissection, and with appropriate weighting. It would be almost impossible to do this satisfactorily. However, we can conclude that the rates reported here for normal rats (Table 3) are generally in agree ment with those measured by the tissue-sampling method [see Table 5 in Diksic et ai. (1989) ]. Never theless, it is not clear why the rates for the pineal body, a well-defined structure, determined by these two types of method [ Table 3 in this article; Table 5 in Diksic et ai. (1989) ] exhibit a large difference.
In the present work three volumes of a tissue (regions of particular structure) in 30-fLm-thick slices were usually used, probably ensuring a much clearer structure identification and avoiding sur rounding tissue contamination. The volume cov ered in each region of autoradiogram integrated var ied from structure to structure; however, special care was always taken to integrate concentration only in the structure of interest. When rates esti mated in different structures given in Table 3 are compared one with the other, we observe that the rates are largest in the pineal body and raphe. The rates of synthesis in other structures (Table 3 ) also roughly correlate with the measurements of the tryptophan hydroxylase activity in a microdissected rat brain (Tappaz and Pujol, 1980) . The apparent discrepancies in the rates in some brain structures for untreated (normal) rats (Table  3) and control (saline-injected) rats (Table 4 ) must be addressed. It has to be recognized that the treat ment of those two groups of animals differed greatly in terms of the stress involved. Rats used for data in Table 3 suffered only one acute stress, that applied at the time of the experiment (i.e., injection of tracer), whereas rats used as controls were stressed twice a day for 5 days (sodium chloride injection) before acute stress on the day of experiment. It is difficult to say whether the handling of the animals in these experiments proved stressful or not. Nev ertheless, the two groups of animals were handled differently in the course of the experimental proce dures. The literature contains reports of a differen tial influence of chronic and acute stress on brain serotonin synthesis rates (Bliss et aI., 1968; Joseph and Kennett, 1981; C ulman et aI., 1984; Adell et aI., 1988) . Thus, acute stress probably increased the rate of serotonin synthesis (Stone, 1975; Ida et aI., 1984; Lehnert et aI., 1984; Glavin, 1985) in some structures of brain, whereas chronic stress did not have this effect (Palkovits et aI., 1976; Kennett et aI., 1985) . This was explained by an adaptation of the serotonergic system to the stress. This differ ence in treatment of normal and control (sham treated) rats might in part be responsible for the difference in the rate of serotonin synthesis found in these two groups of animals.
In conclusion, we can say that the method pre sented here for estimating the rate of serotonin syn thesis is reasonably convenient and easy to per form. It has been successfully tested in lithium treated animals and has yielded results that are in general agreement with data obtained by other (pharmacological) methods. However, the results obtained with this new method offer much greater anatomical resolution than has been possible to date and, as mentioned in the companion article, permit measurement of the rate of serotonin synthesis in the living brain.
